Homeodomain-interacting protein kinase 2 (Hipk2) has previously been implicated in the control of several transcription factors involved in embryonic development, apoptosis, cell proliferation, and tumor development, but very little is understood about the exact mechanisms through which Hipk2 influences these processes. Analysis of gene expression in normal tissues from genetically heterogeneous mouse or human populations can reveal network motifs associated with the structural or functional components of the tissue, and may predict roles for genes of unknown function.
T he highly conserved serine/threonine nuclear kinase homeodomain-interacting protein kinase 2 (Hipk2), in common with many transcriptional coactivators, corepressors, and kinases, affects the expression of multiple genes involved in a broad spectrum of signaling pathways (1, 2) . Among the known binding partners of Hipk2 are Trp53, C-terminal binding protein 1 (Ctbp1), c-Myb, p300, Hmga1, Zyxin, H2B, Pc2, β-catenin, Siah2, and MeCP2 (1, 2) . Despite this plethora of pathways linked to Hipk2, the known consequences of Hipk2 deletion in the mouse germ line are relatively modest (3) (4) (5) , including an expansion of trigeminal sensory neurons (4) and altered maturation of dopaminergic neurons (5) . Hipk2 has also been implicated in cancer development, either as a suppressor of skin tumors and lymphoma or as an oncogene amplified in pilocytic astrocytomas, but the mechanisms that underlie these phenotypes are not known (1, 2, (6) (7) (8) .
In this study, we now demonstrate that Hipk2 is required for white adipocyte differentiation and development. Hipk2 knockout mice have reduced white adipose tissue mass and augmented insulin sensitivity. Moreover, white adipose tissue in knockout mice displayed an induction of brown adipocyte-like cells, which expressed markers of brown and beige fat such as uncoupling protein 1 (Ucp1) and transmembrane protein 26 (Tmem26) (9) , and thermogenic genes including peroxisome proliferative activated receptor gamma, coactivator 1 alpha (Ppargc1a) and cell death-inducing DNA fragmentation factor, alpha-subunit-like effector A (Cidea).
Results and Discussion
The normal tissue functions of Hipk2 in vivo, and how these pathways are disrupted during disease development, are major unanswered questions. To address this problem, we first investigated the network of genes that are correlated with Hipk2 in normal skin from a Mus spretus/Mus musculus backcross [(SPRET/ Ei x FVB/N) x FVB/N; hereafter FVBBX] (10). The perturbations induced by polymorphisms inherited by individual mice in this backcross lead to changes in gene expression that can be used to create a network view of the genetic architecture of normal tissues (10, 11) . This architecture can be used to suggest functions of genes based on their locations in motifs linked to specific cell compartments or signaling pathways (10) . By using Hipk2 as a seed, we found that Hipk2 was correlated in expression with a group of genes associated with Pparg signaling (12, 13) and adipogenesis (Fig. 1A) , suggesting that it may have functions within the adipocyte cell compartment of the skin. Several genes shown in Fig. 1A (20, 21) itself and the gluconeogenesis regulator phosphoenolpyruvate carboxykinase 1 (Pck1) (22) as seeds for correlation analysis. The network of significant correlations with Pparg revealed a conserved structure of Pparg-driven transcriptional programs that have been comprehensively characterized elsewhere (20, 21) (Fig. S1A ). The energy storage regulators Cd36, Cidea, and adipose differentiation-related protein (Adfp; also known as Plin2) have been described as key targets of this nuclear receptor (20, 21) . The Pck1-anchored network included several adipokines known to be secreted by adipocytes (23) , such as adiponectin (Adipoq), retinol binding protein 4 (Rbp4), adipsin (Cfd), and resistin (Retn) (Fig. S1B) . Although Hipk2 was not directly correlated with either Pparg or Pck1 motifs at a level
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We have used a bioinformatics approach to discover a role for the homeodomain-interacting protein kinase 2 (Hipk2) gene in adipogenesis. Using gene correlation networks from skin and mammary gland from genetically heterogeneous mice, we predicted a function for the Hipk2 gene in fat development. In support of this hypothesis, silencing of Hipk2 potently suppressed adipocyte differentiation in vitro, and deletion of Hipk2 in mice led to reduced adiposity, increased insulin sensitivity, and partial resistance to high-fat diet-induced obesity. These data demonstrate the value of gene network approaches for analysis of gene function in vivo, and provide a biological framework for discovery of potential target genes, such as Hipk2, in metabolic and other diseases.
significant after correction for multiple tests (Materials and Methods), further analysis of the same skin RNA samples using quantitative PCR (qPCR) showed significant connections between Hipk2, Pparg, and Pck1 (Table 1) as well as between several other representative genes from Fig. 1A and Fig. S1 A and B.
We further investigated a possible function for Hipk2 in adipogenesis by analysis of a completely independent gene expression microarray dataset derived from 115 normal FVBBX mammary glands. In contrast to skin, white fat is a major cell compartment of the mammary gland, and this analysis also showed a striking link between Hipk2 expression and lipid metabolism (Fig. 1B) , particularly to Pparg itself (rho = 0.66) and several genes shown in Fig. S1 A and B (e.g., Retn, Lipe, Adipoq, Lpl, Cidec, and Cd36). We conclude that analysis of normal tissue gene expression networks reveals strong transcriptional cross-talk between many of the known genes and pathways controlling adipogenesis and lipid metabolism, unveiling a role for Hipk2 in these processes. We therefore carried out a series of in vitro and in vivo studies to explore possible functional links between Hipk2 and adipogenesis.
Mammals have two major functionally distinct types of adipose tissue, white and brown. White adipose tissue (WAT) stores energy primarily in the form of triglycerides (obesity arises from excessive WAT deposition of lipids). In contrast to WAT, brown adipose tissue (BAT) dissipates energy through thermogenesis (20, 21, 24) . We analyzed Hipk2 expression in a wide array of mouse tissues, revealing the highest expression in BAT and WAT ( Fig. 2A) . In the latter, Hipk2 was associated with the adipocyte fraction of adipose tissue, whereas the stromal vascular fraction showed markedly lower levels (Fig. 2B) . We next assessed the expression of Hipk2 during adipocyte differentiation of 3T3-L1 cells, a well-characterized in vitro model of adipocyte differentiation. Expression of Hipk2 in undifferentiated 3T3-L1 cells was low (Fig. 2C) , but was significantly increased as early as 2 d after treatment with an adipogenic mixture and was induced up to 10-fold after 8 d of differentiation. These findings support the prediction from network analysis that Hipk2 is linked to adipocyteassociated transcriptional programs and therefore is positively associated with adipose tissue development. To more directly address the function of Hipk2 during adipocyte differentiation, we expressed short hairpin RNAs (shRNAs) targeting Hipk2 in 3T3-L1 cells. Knockdown of Hipk2 markedly reduced 3T3-L1 differentiation into fully mature adipocytes ( Fig. 2 D and E) .
Consistent with these in vitro observations, analysis of tissues from Hipk2 knockout mice revealed a striking and selective depletion of white fat masses ( Fig. 3 A and B and Fig. S2A ). This depletion was accompanied by a reduction in adipocyte size and the presence of groups of smaller multiloculated cells, suggesting that loss of Hipk2 impinges on adipocyte differentiation ( Fig. 3C and Fig. S2B ). This appears to be a WAT-specific effect, as there was no evidence that ablation of Hipk2 affected other tissues investigated (Fig. S3) . In support of the evident morphological browning of the white fat depots, these pockets showed robust immunostaining for the mitochondrial protein and BAT marker Ucp1 (21, 24) (Fig. 3C) . Recently, a novel type of fat cell, known as beige fat (9) [also known as "brite" (25)], was identified within WAT that is functionally very similar to brown fat. To test the possibility that these Ucp1-positive cells are indeed adaptive beige adipocytes, we investigated the specific expression of beige fat markers in Hipk2 −/− mice by immunohistochemistry. This analysis revealed that the beige adipocyte markers Tmem26 (9) and Cited1 (26) were indeed expressed specifically in the morphologically altered cells in the white fat depots of Hipk2 −/− mice (Fig. 3C ). Additional analysis of gene expression in WAT from Hipk2
−/− mice furthermore demonstrated changes consistent with the appearance of brown-like adipocytes in the WAT depots. TaqMan analysis of gene expression in white fat from control and Hipk2 −/− mice using a range of probes for adipocyte genes showed that BAT-selective genes such as Ucp1, Ppargc1a, and Cidea were induced whereas general adipogenic differentiation markers (Pparg1/2, Pparg2, Cebpa, Cebpb, and Fabp4) remained unchanged in WAT of Hipk2 knockout mice (Fig. 3D ). Mesoderm-specific transcript (Mest), a gene known to regulate adipocyte size (27) , was significantly down-regulated in WAT of Hipk2 −/− mice (Fig. 3D ). Pparg forms heterodimers with the retinoid X receptor alpha (Rxra) and modulates gene transcription by binding to Ppar response elements (PPREs) located in the promoter regions of target genes (20, 21) . Consistent with the unchanged mRNA levels of Pparg between the genotypes in Fig. 3D , Hipk2 had no effect on a PPRE-luciferase reporter (Fig. S4A) , further indicating that the role of Hipk2 in adipogenesis is not likely mediated through a Pparg-dependent mechanism. PR domain containing 16 (Prdm16) and Cebpb form a transcriptional complex that induces the expression of brown/beige fat genes such as Ppargc1a and Ucp1 (24) . Hipk2 WT and kinase-dead Hipk2 (Hipk2 KD) A B ). (B) Hipk2 (red) correlation subnetwork (rho ≥ ±0.65) in normal mammary glands (n = 115) from an independent FVBBX mouse population. For validation of microarray results, qPCR analysis was performed using FVBBX skin samples (n = 26) and correlation coefficients (Spearman's rho) with matching P values were calculated using Spearman's rank correlation.
repressed a Ppargc1a-luciferase reporter in the presence of Prdm16 and Cebpb, indicating that Hipk2 negatively regulates this brown fat fate regulator in a kinase-independent manner (Fig.  S4B) . Altogether, these results demonstrate that Hipk2 is required for normal differentiation of white adipocytes and that Hipk2 knockout mice display a pronounced browning phenotype.
The dramatic effects of Hipk2 loss on adipose tissue development prompted us to evaluate the metabolic effects of targeted deletion of this kinase in mice. Whereas free fatty acid levels (Fig. S5A ), glucose levels ( Fig. S5 B and C) , and glucose tolerance (Fig. S5 D and E) remained unchanged in Hipk2 knockout mice, basal insulin levels were significantly reduced ( Fig. 4A and Fig. S6A ) and insulin sensitivity was increased, as evidenced by a considerable lowering of plasma glucose levels in response to insulin administration ( Fig. 4B and Fig. S6B ). Augmented insulin-induced phosphorylation of Akt on Ser473 in skeletal muscle confirmed the enhanced insulin sensitivity of Hipk2-null mice relative to wild-type mice (Fig. 4C) . Interestingly, female mice were apparently more sensitive than males to Hipk2 loss, as higher insulin sensitivity was seen in heterozygous female mice (Fig. 4B) but not in heterozygous male mice (Fig. S6B) . A similar sex effect was seen in overall weight between males and females, as the latter showed significant weight loss even in the heterozygous state (Fig. S7 A and B) . In an attempt to investigate the reasons for the sex-specific consequences of Hipk2 deletion, we carried out further characterization of the transcriptional signature observed in Hipk2-centric correlation analysis, segregating samples according to sex. To our surprise, the correlations to the adipocyte-associated genes were strongly decreased in male samples (Table S1 ) but were substantially more prominent in female mice (Table S1 ). We propose that sex-specific wiring of Hipk2 transcription networks, by mechanisms that remain to be found, underlies the stronger phenotypes seen in female Hipk2 heterozygous mice compared with their male counterparts. Finally, paucity of adipose tissue development in Hipk2-null mice led us to evaluate whether mice defective for this gene are resistant to high-fat diet-induced obesity. Indeed, a 16-wk period of high-fat diet (45% kcal from fat) feeding revealed that Hipk2 knockout mice are partially resistant to diet-induced weight gain (Fig. 4D) . This difference in response to high-fat diet was not influenced by changes in food consumption, which was the same for the two genotypes (Fig. S8A) . Serum leptin levels were significantly lower in Hipk2 −/− mice than in wild-type mice when fed a high-fat diet whereas no significant differences in leptin levels were observed on normal chow (Fig. S8B) , indicating that leptin levels only correlate with the adipose tissue mass in high-fat dietfed mice.
The available data suggest that Hipk2 may regulate adipocyte differentiation and thermogenesis through its known complex with Hipk2 expression levels in 3T3-L1 cells stably expressing control shRNA (sh-Scr) or shRNAs against Hipk2 (sh1-Hipk2, sh2-Hipk2, and sh3-Hipk2) (n = 4). *P < 0.05, **P < 0.01, and ***P < 0.001 versus day 0 or sh-Scr in C and D, respectively. Data are presented as mean ± SEM. (E) Oil red O staining of control (sh-Scr) and Hipk2 knockdown (sh1-Hipk2, sh2-Hipk2, and sh3-Hipk2) 3T3-L1 cells that were induced to differentiate into adipocytes for 10 d.
Ctbp1 and other corepressor proteins (2, 7, 28, 29) . Alternative binding partners for Ctbp1, for example Rip140, Ppargc1a, and (n = 4) and Hipk2 −/− (n = 5) mice. *P < 0.05, **P < 0.01, and ***P < 0.001 for Hipk2 +/+ versus Hipk2 −/− mice. Data are presented as mean ± SEM.
through the C-terminal YH domain (7), resulting in repression of transcription of target genes. Although deletion of the Hipk2 kinase domain does not affect the recruitment of Ctbp1 (7), the kinase activity may have other regulatory roles in adipogenesis, as it is known to phosphorylate Ctbp1 in kinase assays (29) . Identification of these regulatory mechanisms may provide a novel route to manipulation of this pathway to influence energy balance and identify drug targets for obesity or other metabolic diseases. The latter possibility is supported by studies identifying an extensively replicated obesity linkage peak containing HIPK2 and a genomewide association study that has identified a significant association between a SNP (rs10954654) located close to HIPK2 on human chromosome 7q32-q34 and type 2 diabetes (33-36).
Materials and Methods
Animals. The generation of M. spretus/M. musculus backcross mice (FVBBX mice) and gene expression analysis of FVBBX mouse tail skin have previously been described (10) . RNA extraction and gene expression analysis of FVBBX mammary glands were essentially done as described for tail skin (10). Microarray results have been deposited in the National Center for Biotechnology Information Gene Expression Omnibus (www.ncbi.nlm.nih.gov/ geo) and are accessible under accession nos. GSE12248 and GSE46077. Hipk2
−/− mice were maintained on a mixed 129/SvJ and C57BL/6J background and have been described previously (4) . All animals were maintained in a temperature-controlled colony room with a 12-h light/dark cycle and kept on a standard diet (13% kcal from fat; LabDiet; PicoLab) with free access to food and water. For high-fat diet experiments, 8-wk-old male mice were started on a diet containing 45% kcal from fat (Harlan; Teklad) for 16 wk. Food intake normalized to body weight was measured during 4 consecutive weeks by the age of 10-14 wk. Experimental protocols were approved by the Laboratory Animal Resource Center at the University of California, San Francisco.
Isolation of Adipocytes and Stromal Vascular Fraction. Freshly isolated adipose tissue was minced with scissors and incubated with 1.5 mg ml −1 collagenase (Sigma-Aldrich) at 37°C for 45 min. Samples were then filtered through a nylon filter (100-μm). The resulting suspension was centrifuged at 1,000 × g for 5 min and the floating fraction (adipocytes) and pellet (stromal vascular fraction) were recovered. insulin, 1 μM dexamethasone, and 0.5 mM 3-isobutyl-1-methylxanthine (SigmaAldrich) until day 2. Induction medium was then replaced with DMEM supplemented with 5 μg ml −1 insulin, which was replaced every second day until cells were harvested or stained at the indicated time points. Adipocyte lipid content of cells was detected by oil red O staining (Sigma-Aldrich) using a standard protocol.
Short Hairpin RNA Construction. Double-stranded DNA sequences encoding Hipk2 were cloned into the pSUPER vector (Oligoengine). The following nucleotide sequences were used for cloning into the retroviral vector: sh1-Hipk2 5′-GATCCCCGCTCCATGACCAACACCTATGTTCAAGAGACATAGGTGTT-GGTCATGGAGCTTTTTGGAAA-3′; sh2-Hipk2 5′-GATCCCCGCATGCTCATGGAA-GTCATTATTCAAGAGATAATGACTTCCATGAGCATGCTTTTTGGAAA-3′; sh3-Hipk2 5′-GATCCCCGGTGAAGCGAGTTATTAATTGTTCAAGAGACAATTAATAACTC-GCTTCACCTTTTTGGAAA-3′. All shRNA constructs were confirmed by DNA sequencing. Vectors were transfected into HEK293 cells, and supernatants were collected 48 h after transfection. 3T3-L1 cells were transduced with 8 μg ml −1 polybrene (Millipore) and stable infected cells were selected by 1 μg ml −1 puromycin.
Luciferase Reporter Assays. 3T3-L1 cells were transiently transfected with PPRE ×3-TK-luc, Ppargc1a-luc, Pparg, Rxra, Prdm16, Cebpb, Hipk2 WT, and/or Hipk2 KD constructs by using Lipofectamine LTX (Invitrogen). phRL-TK Renilla expression vector (Promega) was used as a control for transfection efficiency. Cells were lysed and assayed for luciferase and Renilla activities using the DualLuciferase Reporter Assay System (Promega). The Hipk2 expression vectors were kindly provided by Yongsok Kim (National Institutes of Health, Bethesda) and Qinghong Zhang (University of Colorado, Denver).
Histology and Immunofluorescence. WAT, BAT, liver, pancreas, and skeletal muscle were fixed in 10% formalin, embedded in paraffin, and sectioned at 5 μm. Slide tissues were stained with hematoxylin and eosin (H&E). For immunofluorescence of ovarian WAT, the paraffin-embedded specimens were deparaffinized and microwave-treated according to standard procedures with citrate buffer (pH 6) as antigen retrieval solution. images were captured with an Olympus DP71 camera. Cell size was analyzed using ImageJ software (National Institutes of Health). We analyzed at least 200 cells per sample from six random nonoverlapping fields.
Quantitative Real-Time PCR Analyses. Total RNA was extracted from tissues and cells using TRIzol reagent (Invitrogen) according to the manufacturer's instructions. Purified RNA was reverse-transcribed into cDNA using the SuperScript III First-Strand Synthesis System (Invitrogen). Quantitative PCR was performed using mouse-specific TaqMan probes (Applied Biosystems) and TaqMan Universal PCR Master Mix (Applied Biosystems). Primers used for qPCR are shown in Table S2 . Samples were run in triplicate on the Applied Biosystems PRISM 7900HT System. Relative mRNA levels were calculated using the comparative Ct method (37) and normalized to three endogenous reference genes (Sdha, Ywhaz, and Actin). The normalized quantities were rescaled relative to the sample with lowest or highest relative quantity.
Free Fatty Acid, Glucose, Insulin, and Leptin Levels. Free fatty acid levels were measured with a commercially available kit (Wako Diagnostics) in mice that were fasted for 6 h. For glucose, insulin, and leptin measurements, mice were fasted overnight (16 h) and blood samples were collected at euthanasia. Serum glucose levels were assessed with a glucometer (Abbott Laboratories) and serum insulin levels were measured using an insulin ELISA system (Millipore). Plasma leptin levels were determined by ELISA kit (R&D Systems) according to the manufacturer's instructions.
Glucose and Insulin Tolerance Tests. For glucose tolerance tests, an i.p. dose of D-glucose (2 g kg −1 body weight) was administered to overnight-fasted (16 h) mice. For insulin tolerance tests, animals were fasted for 6 h before an i.p. injection of insulin (0.3 U kg −1 body weight). Tail blood glucose levels were monitored immediately before and at the indicated time points after injection using a glucometer (Abbott Laboratories).
Western Blot Analysis. Mice were injected with insulin (0.3 U kg −1 body weight) 5 min before skeletal muscles were harvested for analysis. Total protein extracts were prepared from mouse skeletal muscle (gastrocnemius) with STEN lysis buffer (50 mM Tris, pH 7.4, 2 mM EDTA, 150 mM NaCl, 1% Nonidet P-40, 0.1% SDS, and 0.5% Triton X-100) containing Complete Protease Inhibitor mixture (Roche). Lysates were separated by SDS/PAGE and blotted onto Immobilon-P (Millipore) membranes. The membranes were incubated with rabbit anti-Akt (Cell Signaling Technology), rabbit antiSer473 pAkt (Cell Signaling Technology), and rabbit anti-actin (SigmaAldrich). HRP-conjugated secondary antibodies were obtained from Jackson ImmunoResearch Laboratories. Proteins were detected by enhanced chemiluminescence (Pierce).
Statistical Analysis. Statistical significance was evaluated using a two-tailed, unpaired Student t test or ANOVA. Differences were considered significant at P values of less than 0.05. Microarrays were background-corrected and normalized by RMA using the oligo package (38) in the R statistical environment (39) . A 5% genome-wide significance cutoff for correlation was assessed using the permutation approach as described (40) . Correlation networks were plotted using Cytoscape (41) .
